In this study, we calculated the diffusion of an Fe atom on graphene and various light-element (B, N, O, Si, P, and S)-doped graphene supports, using first-principles calculations based on density functional theory. We focused on dopants that could suppress the detachment and diffusion of an Fe atom. Such doped graphene supports would have strong potential in high-durability fuel cell catalysts and hydrogen storage materials. The Fe atom adsorbs on pristine graphene via ionic bonding. The bonding between the Fe atom and pristine graphene is very weak, and it has a low adsorption energy of −0.61 eV. Doped graphene contains unoccupied localized orbitals. B-, O-, Si-, and P-doped graphene show high adsorption energies of −1.70 eV, −2.70 eV, −1.46 eV, and −1.38 eV, respectively. Thus, these graphene supports could suppress the detachment of Fe nanoclusters and nanoparticles. We demonstrate that these doped graphene supports with high adsorption energies also have high diffusion barriers, which suppresses the agglomeration of Fe nanoclusters and nanoparticles. We conclude that B-, O-, Si-, and Pdoped graphene are promising supports for enhancing the adsorption lifetime of Fe nanoclusters and nanoparticles.
I. INTRODUCTION
Iron is one of the most important elements in various engineering and scientific fields, because of its many useful properties. Structural materials are commonly made from steels, because of their abundance, high workability, and high corrosion resistance. Iron also plays an important role as catalysts, for instance, in the Haber-Bosch process.
Fe nanoclusters and nanoparticles have attracted much recent interest as catalysts in astrochemistry, and in hydrogen energy devices in materials science. Iron is one of the most abundant transition metals in space and on earth. Fe atoms, nanoclusters, nanoparticles, and their oxides on carbon materials and ice, which are the main components of interstellar clouds and cosmic dust, may be catalysts for the evolution of organic molecules.
The efficient and safe storage of hydrogen is an important problem to solve for achieving widespread fuel cell commercialization [1] . For practical applications, hydrogen storage materials require high gravimetric density, high volumetric density, and a high degree of safety. Nonprecious metal atom Li [2] , Al [3] and transition elements including Fe nanoclusters [4, 5] were recently reported to exhibit high efficiency hydrogen storage. For instance, Fe 2 clusters can reportedly store up to 18 H atoms [6] . However, bulk Fe hydride cannot be synthesized under ambient pressure, instead requiring pressures of 3.5 GPa [7] [8] [9] [10] . Theoretical and experimental results have shown that Fe cluster hydrides can adsorb in a stable manner on graphene supports [11, 12] . Several studies have also reported that Fe nanoparticle/graphene composites show high catalytic activity for the oxygen reduction reaction (ORR), which is the cathode reaction in fuel cells [13, 14] .
Expensive Pt nanoparticles are currently usually used in fuel cells as ORR catalysts. Developing low-cost and more abundant catalysts such as Fe nanoparticles is necessary for fuel cell popularization.
The size of Fe nanoclusters and nanoparticles is crucial for their catalytic activities and hydrogen storage properties. To understand the process of the evolution of organic molecules in space, the diffusion and agglomeration properties of Fe atoms requires clarifying. In addition, to develop long-life hydrogen storage materials and catalysts, the diffusion and agglomeration of Fe atoms needs to be suppressed. The planar structure and delocalized π-electrons of graphene rarely form strong covalent bonding with adsorbates. This means that adsorbates can detach or diffuse from the basal plane to the edges where dangling bonds exist, which results in the loss or agglomeration of adsorbates. Chemical modification of the graphene lattice by heteroatom doping is a common way to form anchor sites in graphene. The N-doping of graphene supports can reportedly increase the dispersion of Pt catalysts [15] and prevent Pt agglomeration [16, 17] . This improves the catalyst durability and efficiency for the ORR, compared with that of pristine graphene supports. The S-doping of graphene can also increase the efficiency of ORR via the same mechanism [18] . Thus, doping graphene supports with light elements can suppress the diffusion and agglomeration of adsorbates. However, it remains unclear how the dopants affect the adsorption state and diffusion behavior of Fe atoms.
In this study, we investigate candidates as dopants for graphene-related supports, to suppress Fe detachment and agglomeration. We investigate the adsorption energy and adsorption configuration of a single Fe atom on various types of light-element-doped graphene, using first-principles calculations based on spin-polarized density functional theory (DFT). We also investigate the corresponding Fe diffusion behavior using nudged elastic band (NEB) calculations.
FIG. 1.
Atomic configuration of the light-element-doped graphene supercell considered in this study. Brown and red balls indicate C and dopant atoms, respectively.
II. COMPUTATIONAL METHODS
DFT calculations were performed to investigate the adsorption and diffusion properties of Fe atoms on lightelement-doped graphene, using the Vienna ab initio Simulation Package (VASP 5.4.1) [19] [20] [21] [22] with the projectoraugmented wave (PAW) [23, 24] method. The generalized gradient approximation (GGA) proposed by Perdew, Buke, and Emzerhof (PBE) [25] was adopted to describe the exchange-correlation functional. An energy cutoff of 500 eV for a plane-wave basis set was used. The supercell consisted of a 4 × 4 graphene monolayer and a 15-Å-wide vacuum layer with a periodic boundary condition. We introduced the dopant atom by substitution of a single carbon atom in the graphene lattice, as shown in Fig. 1 . The concentration of the dopant was 3.1 at.%. To reveal the dopant dependence of the Fe adsorption and diffusion, we investigated six light-element dopants (X), where X = B, N, O, Si, P, and S. We used a 4 × 4 × 1 Γ-point centered MonkhorstPack grid [26] for Brillouin zone sampling to calculate the total energy, with a Gaussian smearing σ of 0.2 eV. All atoms were fully relaxed until the force on each atom was less than 0.02 eV/Å. We used the optimized lattice parameters for the pristine, B-, N-, O-, Si-, P-, and S-doped graphene reported previously [27] , and these values are 2.480, 2.462, 2.462, 2.487, 2.492, 2.481, and 2.479Å, respectively.
We considered three Fe adsorption sites on pristine graphene, namely, at the C-C bridge, on top of C, and at a hollow of the lattice. For X-doped graphene we considered six Fe adsorption sites, namely, at the C-C bridge, at the X-C bridge, on top of C, on top of X, at a C hollow, and at an X hollow. These sites are shown in Fig. 2 .
The Fe adsorption energy on X-doped graphene can be written as:
where E X Fe−gra and E X gra are the total energy of the Xdoped graphene with and without Fe atoms, and µ Fe is the chemical potential of Fe which is defined as the energy of a single isolated Fe atom in vacuum.
We calculated the Fe diffusion paths and diffusion barriers on pristine and light-element-doped graphene using
Initial adsorption sites of Fe atoms on graphene supports. The sites considered include (1) C-C bridge, (2) on top of C, (3) hollow, (4) X-C bridge, (5) on top of X, and (6) X hollow sites. For pristine graphene, the sites considered are (1) C-C bridge, (2) on top of C, and (3) hollow sites. Brown and red balls indicate C and dopant atoms, respectively. the NEB method. We considered diffusion from the most stable adsorption sites to nearest neighbor metastable adsorption sites. The spring constant was 5.0 eV/Å 2 . All atoms were fully relaxed until the total force on each atom was less than 0.02 eV/Å. The Brillouin zone sampling was conducted with a 3 × 3 × 1 Γ-point centered MonkhorstPack grid for the NEB calculations.
To compensate for the dipole-dipole interaction between graphene layers, a dipole moment correction was incorporated [28, 29] . We calculated the electron transfer by using Bader charge analysis [30] [31] [32] . We also calculated the crystal orbital Hamilton population (COHP) using the LOBSTER package [33, 34] . We used Visualization for Electronic and Structure Analysis (VESTA) for visualizing atomic models and electron density distributions [35] .
III. RESULTS AND DISCUSSION
We first investigated the most stable adsorption states of Fe atoms on pristine and light-element-doped graphene. Table I shows calculated Fe adsorption energies and corresponding magnetic moments at the most stable adsorption sites on pristine and light-element-doped graphene. Table I shows that all dopants considered in this study increase the adsorption energies of the Fe atom. The adsorption energy of the Fe atom decreases in the order: O-> B-> Si-> P-> S-> N-doped graphene. These adsorption energies indicate that B-, O-, Si-, and P-graphene are promising candidates for catalyst supports, in which suppression of Fe detachment is required to increase the lifetime of Fe/graphene composites. Figure 3 shows top and side views of the most stable atomic configurations of Fe atoms on pristine and light-element-doped graphene.
The most stable adsorption site of an Fe atom on pristine graphene is consistent with previous theoretical reports [36] [37] [38] . Figure 3 shows that Fe atoms tend to adsorb at high-coordination-number sites. The bond length between Fe atom and atoms in pristine and doped-graphene are shown in Fig. 4 . We found that, in the cases of Fe adsorption at hollow sites, the bond lengths between Fe and coordinated atoms only slightly vary. Next, we investigated the origin of dopant effect on Fe adsorption from electronic states by using projected density of states (PDOS), Bader analysis, electron density difference before and after Fe adsorption and COHP.
We discuss the origin of the dopant effect on Fe adsorption. We calculated the adsorption-induced electron density difference in the vicinity of Fe atoms on pristine and light-element-doped graphene. The results are shown in Fig. 5 . Figure 5 (a) shows that there is no strong covalent bond between Fe and the C atoms of pristine graphene. Additionally, the PDOS of the Fe and C atoms are shown in Fig. 6(a) . The PDOS does not show any peaks in the same energy range. We then calculated the COHP, as shown in Fig. 7 . Figure 7 (a) does not show any clear positive peak below the Fermi level, which would indicate bonding orbitals. From these results, we conclude that an Fe atom on pristine graphene does not form covalent bonds with coordinated C atoms. To reveal the adsorption state of an Fe atom on pristine graphene, we evaluated the valance numbers of the Fe atom and C atoms in pristine graphene using Bader charge analysis. Figures 8  and 9 show Bader charge of each atom before and after Fe adsorption, respectively. Figure 8(a) shows that the Bader charge of C atoms in pristine graphene before Fe atom adsorption is nearly zero. After Fe adsorption, the Bader charge of C atoms coordinated with an Fe atom become negative, with an average Bader charge of −0.11. The Bader charge of Fe is +0.67. This means that electrons transfer from the Fe atom to the coordinated C atoms. Figure 10 shows the PDOS of s orbitals in an Fe atom before and after adsorption on pristine graphene. The PDOS of the s orbitals moves above the Fermi level, after Fe adsorbs on pristine graphene. This indicates electron transfer from the s orbital of the Fe atom to the coordinated C atoms. Figure 5 (a) also indicates electron transfer from the Fe to C atoms, and electron redistribution in the Fe atom induced by the coordinated negatively-charged C atoms. Thus, we conclude that the Fe atom adsorbs on pristine graphene via ionic bonding. The small electron transfer of 0.67 results in a small adsorption energy of −0.61 eV, as shown in Table I .
The Fe atom adsorbs strongly on B-doped graphene, whose adsorption energy is −1.70 eV, as shown in Table I. This is despite the Fe atom adsorbing at hollow sites in the same manner as that for pristine graphene. Figure 8(b) shows that B atoms in B-doped graphene are positively charged. C atoms coordinated with a B atom (C B ) are negatively charged, because of the differing electronegativities of B and C. We calculated the Coulomb interaction between Fe atoms at B-hollow sites, and found that the attractive (Fe-C) and repulsive (Fe-B) Coulomb interactions almost cancel. Thus, an Fe atom cannot adsorb on B-doped graphene through Coulomb interaction, in contrast to pristine graphene. This unequally distributed electron in the vicinity of the B atom breaks the symmetry of the system, and creates localized p z orbitals in the B and C B atoms. These orbitals may strongly hybridize with the electrons of the Fe atom. The adsorption-induced difference in electron densities of the Fe and B atoms is slightly higher than the adsorptioninduced difference in electron densities of the Fe and C atoms for adsorption on pristine graphene, as shown in Fig. 5(a, b) . To further investigate the Fe adsorption states on B-doped graphene, we investigated the PDOS and COHP of B-doped graphene, as shown in Figs. 6(b) and 7(b). The PDOS of Fe and B both show clear peaks from −4 eV to −2 eV. A positive peak of COHP is also observed in the same energy region of the PDOS analysis. These results indicate that Fe and B atoms form covalent bonds through Fe d and unoccupied B p z orbitals. Similar positive peaks from the Fe and C B atoms can be seen in Fig. 7(b) . Thus, the Fe atom covalently bonds with C B more strongly than the ionic bonding of the Fe atom with the C atoms of pristine graphene. We conclude that the Fe atom adsorbs on B-doped graphene through covalent bonds with B and C B atoms, and has a large adsorption energy of −1.70 eV.
For N-doped graphene, the Fe atom adsorbs at the hollow sites not surrounded by N atoms. Figure 8(c) shows that the N atoms are negatively charged, because the electronegativity of N is higher than that of C. Therefore, N doping introduces positive charge and partially unoccupied p z orbitals into C atoms adjacent to an N atom (C N ). More electron transfer from the Fe to C N atoms occurs, compared to in the case of pristine graphene. Figure 5(c) indicates that more electrons localize between the Fe and C N atoms than the opposite side, i.e., between the Fe and C atoms, or in the case of pristine graphene. The corresponding PDOS and COHP between the Fe and C N atoms look similar to those of pristine graphene, as shown in Figs. 6(c) and 7(c). However, there is a slight positive peak of the COHP between the Fe and C N atoms from −3 eV to −1.5 eV. This indicates an increase in the covalent bonding between the Fe and C atoms, as a result of N doping. The electron transfer from the Fe atom to N-doped graphene is 0.47, which is smaller than that on pristine graphene (0.61), because the electrons density of overall system of N-doped graphene increases upon N doping. From these results, we conclude that covalent bonds between the Fe and C N atoms are formed by N doping, while ionic bonds between the Fe and C atoms weaken. The total adsorption energy of the Fe atom on N-doped graphene is slightly larger than that on pristine graphene.
Strong covalent bonds can be observed for O-, Si-and P-doped graphene, as shown in Figs from −4.5 eV to −2.5 eV below the Fermi level in both the PDOS and COHP, as shown in Figs. 6(d) and 7(d) , respectively. Thus, the Fe atom on O-doped graphene shows a large adsorption energy. Si and P atoms form protruding configurations, as seen in Figs. 3(e) and 3(f), respectively. These protruding configurations break the sp 2 hybrid orbitals of pristine graphene, and introduce sp 3 hybrid orbitals in the vicinity of the dopant. Si and P atoms coordinate with only three C atoms. Therefore, one sp 3 hybrid orbital remains as a dangling bond, which allows strong covalent bonds to form with the Fe atom, as shown in Figs. 5(e) and 5(f), respectively, even though the repulsive interaction between Fe and Si, P atom exist as shown in Fig. 9(d, e) . Figures 8(e) and 8(f) show that the Si and P atoms are positively charged, respectively. This indicates that partially unoccupied sp 3 hybrid orbitals exist within the Si and P atoms [27] . Figures 6(e) and 6(f) show the PDOS of Si-and P-doped graphene, respectively. Figure 6 (e) shows that the PDOS of the Fe 3d xy and Si sp 3 hybrid orbitals have peaks from −4 eV to −1 eV below the Fermi level. Figure 6 (f) shows that the Fe 3d yz and P sp 3 hybrid orbitals also have peaks from −5 eV to −3 eV below the Fermi level. These peaks are bonding orbitals between the Fe atom and dopant, as shown in Fig. 7(e, f) . These results indicate that Fe atoms form strong covalent bonds with Si and P atoms, resulting in large Fe atom adsorption energies of 1.46 eV and 1.38 eV, respectively.
S atoms also protrude out of the graphene plane, as well as the dopants of Si-and P-doped graphene. However, the adsorption energy of the Fe atom on S-doped graphene is much smaller than those on Si-and P-doped graphene, as shown in Table I . This is because the S atom prior to adsorption has six valance electrons. Figure 8(f) indicates that the Bader charge of S atom is 0.45, indicating that little unoccupied sp 3 hybrid orbitals exist within the S atom [27] . Fe cannot form covalent bonds with the S atom, and very little electron transfer from Fe to S occurs. Thus, the adsorption energy of the Fe atom on S-doped graphene (−0.84 eV) is smaller than those of the Fe atom on Si-and P-doped graphene. This situation is similar to the case of N-doped graphene. In both N-and S-doped graphene, the Fe atom adsorbs at hollow sites coordinated only with C atoms. the vicinity of Fe atom compared with pristine graphene because the electron density of overall system of S-doped graphene increases upon S doping, which results in weak ionic bonds. The C atoms adjacent to the S atom (C S ) also breaks the sp 2 hybrid orbitals, because the C S atoms slightly protrude out of the graphene plane, as shown in Fig. 3(g) . Therefore, C S atoms can form covalent bonds with the Fe atom, as seen in Fig. 5(g) . The PDOS and COHP between the Fe and C S atoms are similar to those for pristine graphene, as shown in Figs. 6(a, g ) and 7(a, g). Therefore, we conclude that covalent bonds between the Fe and C S atoms are very weak.
We also investigated the diffusion behaviors of Fe atoms on pristine and light-element-doped graphene. Figure 11 shows the potential energy changes along the diffusion paths that Fe atoms migrate from the most stable adsorption state to metastable adsorption states. The metastable adsorption states have a similar adsorption energy as pristine graphene. The data in Fig. 11 was obtained from NEB calculations. We note that the Hellmann-Feynman forces on Fe atoms at the transition states in all systems are less than 0.03 eV/Å, which indicates that we could reach the accurate saddle points. The diffusion barriers of Fe atoms on light-element-doped graphene increase in the order of N-, S-, B-, P-, Si-, and O-doped graphene. The diffusion barriers of Fe atoms on light-element-doped graphene are all larger than that on pristine graphene. This indicates that all the dopants suppress Fe diffusion. Figure 11 shows that dopants leading to a large adsorption energy of the Fe atom also lead to high diffusion barriers for the Fe atom. This indicates that the origin of the diffusion barrier originates from the large adsorption energy, i.e., a deep potential well in the vicinity of the dopant. This trend has also been reported for Pt diffusion on light-element-doped graphene [27] . Pristine, N-, and S-doped graphene have small adsorption energies for the Fe atom, and this may lead to the agglomeration and degradation of Fe sub-nanoclusters. B-, O-, Si-, and P-doped graphene have large diffusion barriers of 0.97, 2.12, 1.16, and 1.04 eV, respectively, so can maintain the Fe sub-nanocluster size and their physical properties for a long time. The corresponding diffusion barriers from the metastable adsorption sites to the most stable adsorption sites on the doped graphene supports considered in this study are all smaller than those in the opposite direction. This indicates that the dopants can easily trap Fe atoms. From the adsorption energy and diffusion barrier results, we conclude that B-, O-, Si-, and P-doped graphene are promising supports for suppressing Fe detachment and agglomeration.
IV. CONCLUSION
We investigated the adsorption states and diffusion behavior of a single Fe atom on light-element-doped graphene, using first-principles calculations based on spinpolarized DFT. In comparison with pristine graphene, Fe atoms adsorb strongly on light-element-doped graphene, because localized orbitals are created in the vicinity of the dopants. This strong adsorption suppresses Fe detachment. In terms of Fe diffusion behavior, the diffusion barriers of Fe atoms on light-element-doped graphene are larger than that on pristine graphene. In particular, B-, O-, Si-, and P-doped graphene show large diffusion barriers, which suppresses Fe atom diffusion and agglomeration. This suggest that B, O, Si, and P doping into graphene could improve the durability of Fe nanocluster catalysts. Understanding the adsorption and diffusion behavior discussed herein may help to improve the durability of various metal clusters.
